After excitation by femtosecond laser pulses, Gd and Tb exhibit ultrafast demagnetization in two steps, with the time constant of the second step linked to the coupling strength of the 4f magnetic moments to the lattice. In time-resolved magneto-optical Kerr effect measurements of Gd 1−x Tb x alloys, we observe a decrease in this time constant from 33 to 9 ps with Tb content x increasing from 0 to 0.7. We explain this behavior by the stronger spin-lattice coupling of Tb compared to Gd, which increases the effective spin-lattice coupling in Gd 1−x Tb x with x. In contrast, the faster time constant of the first demagnetization step exhibits no dependence on x. Additional time-and element-resolved x-ray magnetic circular dichroism measurements show a two-step demagnetization of Gd and Tb in Gd 0.6 Tb 0.4 with an equivalent time scale of the second step but a different magnitude of demagnetization which persists for 15 ps. We explain this by an increased coupling of the Gd 4f magnetic moments to the lattice compared to pure Gd, via interatomic exchange coupling to the neighboring Tb 4f moments mediated by 5d electrons, which has limited efficiency and allows an estimation of a characteristic time scale of the interatomic exchange coupling. We assign the first demagnetization step to the dynamics of the laser-excited 5d electrons, while the second demagnetization step is dominated by the strength of spin-lattice coupling of the 4f electrons.
After excitation by femtosecond laser pulses, Gd and Tb exhibit ultrafast demagnetization in two steps, with the time constant of the second step linked to the coupling strength of the 4f magnetic moments to the lattice. In time-resolved magneto-optical Kerr effect measurements of Gd 1−x Tb x alloys, we observe a decrease in this time constant from 33 to 9 ps with Tb content x increasing from 0 to 0.7. We explain this behavior by the stronger spin-lattice coupling of Tb compared to Gd, which increases the effective spin-lattice coupling in Gd 1−x Tb x with x. In contrast, the faster time constant of the first demagnetization step exhibits no dependence on x. Additional time-and element-resolved x-ray magnetic circular dichroism measurements show a two-step demagnetization of Gd and Tb in Gd 0.6 Tb 0. 4 with an equivalent time scale of the second step but a different magnitude of demagnetization which persists for 15 ps. We explain this by an increased coupling of the Gd 4f magnetic moments to the lattice compared to pure Gd, via interatomic exchange coupling to the neighboring Tb 4f moments mediated by 5d electrons, which has limited efficiency and allows an estimation of a characteristic time scale of the interatomic exchange coupling. We assign the first demagnetization step to the dynamics of the laser-excited 5d electrons, while the second demagnetization step is dominated by the strength of spin-lattice coupling of the 4f electrons. 
I. INTRODUCTION
Ultrafast demagnetization of ferromagnetic metals after femtosecond laser excitation, which was first observed in 1996 [1] , is an intriguing phenomenon which has only been incompletely understood so far, despite a large body of experimental and theoretical work on the subject (see [2, 3] and references therein). The central question here is how spin angular momentum can be transferred in such an ultrafast way, and to which reservoir. An obvious candidate would be spin-lattice coupling, which, however, has been found to occur on a much slower time scale on the order of tens to hundreds of picoseconds [4, 5] . Consequently, the microscopic origin of subpicosecond demagnetization is currently under debate. Spin-flip scattering processes such as an Elliott-Yafet type of electron-phonon scattering [6] , electron-magnon [7] , and electron-electron scattering [8, 9] have been proposed, as well as ultrafast magnon emission [10] . Recent work also indicates the importance of spin transport in the superdiffusive regime for ultrafast demagnetization [11] [12] [13] [14] [15] .
In order to find the relation between ultrafast demagnetization and the microscopic properties of magnetic materials relevant for a theoretical description thereof, such as * Both authors contributed to this work by comparable experimental efforts.
† Present address: Nanoscience Department, National Centre for Physics, Islamabad uwe.bovensiepen@uni-due.de atomic magnetic moment and exchange coupling strength, the ability to vary these properties systematically can give valuable information. Here we investigate the effect of such variations by alloying Gd and Tb as two ferromagnetic elements. Several recent studies of ultrafast magnetization dynamics have been performed on magnetic materials consisting of more than one element, i.e. ferri-and ferromagnetic alloys. Gd 25 Fe 65.6 Co 9. 4 showed decoupled dynamics of the Gd and Fe sublattices during ultrafast magnetization reversal and a transient ferromagnetic alignment of the initially antiferromagnetically coupled sublattices [16] . Such a transient ferromagnetic alignment has recently also been seen in ferrimagnetic Tb 16 Fe 75 Co 9 [17] . In Ni 80 Fe 20 , a delay in the demagnetization of Ni compared to Fe has been observed, which was increased by admixture of Cu [18] . In this article we focus on the coupling between the spin and lattice degrees of freedom via the orbital anisotropy, which plays a central role in the description of angular momentum transfer between the magnetization and the lattice. We aim to investigate the relation between spin-lattice coupling and ultrafast demagnetization by employing rare earth Gd 1−x Tb x alloys as a model system. In our recent study [19] , we clarified the role of spin-lattice coupling in ultrafast magnetization dynamics of pure rare earths: In Gd and Tb, a two-step demagnetization was observed experimentally, in which an initial subpicosecond demagnetization with a time constant of 750 fs for both Gd and Tb was followed by a second, slower reduction of the magnetization. The first demagnetization step occurs on a nonequilibrium time scale, before equilibration between electrons and lattice has taken place [20] . A complex nonequilibrium response of the exchange-split band structure of pure Gd was observed recently on the same time scale [21] . Only the time constant of the second step, corresponding to quasiequilibrium demagnetization after electron-phonon equilibration, was found to be linked to the strength of spin-lattice coupling in the respective rare earth, which depends on the anisotropy of the 4f orbitals. In Tb, a time constant of 8 ps agrees with the strong spin-lattice coupling originating from the anisotropic orbital configuration for an orbital moment of L = 3 due to the 4f 8 electron configuration. Gd demagnetized with a time constant of 40 ps, which we explained by the weaker spin-lattice coupling due to the 4f 7 electron configuration resulting in L = 0 [22] . In rare earth compounds, long range magnetic order arises from indirect exchange coupling of the 4f electrons, which carry the largest part of the atomic magnetic moment, via the 5d electrons, i.e., RKKY coupling [23] . This coupling is rather strong, which is corroborated by a concomitant demagnetization of 4f and 5d magnetic moment contributions in Gd [24] . Note that the remaining weak spin-lattice coupling in Gd is also mediated by the 5d electrons [25] . In Tb atoms with an orbital quantum number of L = 3, the 4f magnetic moments exhibit considerably stronger coupling to the lattice than the 4f moments of Gd (L = 0), which can only couple indirectly via the 5d electrons, as discussed above and shown schematically in Fig. 1(b) . By alloying Gd and Tb we thus continuously modify the effective strength of spin-lattice coupling according to the alloy composition while staying in an ordered ferromagnetic phase, as will be discussed below.
Here we report on complementary experiments employing the time-resolved magneto-optical Kerr effect (MOKE) in the visible wavelength range and time-and element-resolved x-ray magnetic circular dichroism (XMCD) measurements on Gd 1−x Tb x alloys. MOKE allows us to probe concentration dependent magnetization dynamics of the 5d electrons [compare Fig. 1(a) ] over a wide range of alloy compositions. We find a continuous decrease of the time constant of the second demagnetization step from 33 to 9 ps with the Tb content increasing from 0 to 0.7, which we assign to a spin-lattice coupling increasing with the Tb fraction. In contrast, the time constant of the first demagnetization step is found to FIG. 1. (Color online) (a) Schematic electronic density of states for rare earth elements Gd and Tb. 1.5 eV pump pulses excite predominantly 5d electrons in the vicinity of the Fermi level E F , which are probed by time-resolved MOKE at the same photon energy. XMCD at the M 5 -edge probes the 4f magnetic moments directly and element selectively by resonantly exciting the 3d 5/2 core level electrons to the unoccupied 4f ↓ states. ↑ and ↓ denote majority and minority spins, while H and M refer to the external magnetic field and magnetization, respectively. (b) The coupling between Gd and Tb 4f and 5d magnetic moments and the lattice in Gd 1−x Tb x alloy is shown schematically. be uncorrelated to the amount of Tb in the alloy. With XMCD, we distinguish the dynamics of the Gd and Tb 4f magnetic moments by employing a resonant core level excitation at the M 5 edges as a probe [see Fig. 1(a) ]. With this element-selective probe we find a shared slower time constant of the Gd and Tb 4f moments in Gd 0.6 Tb 0.4 . Thus, the second step of demagnetization of Gd in the alloy is accelerated compared to pure Gd. Therefore, the Gd 4f magnetic moments in the GdTb alloy experience a stronger coupling to the lattice compared to the pure metal. We estimate the angular momentum transfer from the 4f shell to the lattice, and between Gd and Tb in the alloy with a rate model, which allows us to attribute a transiently different magnitude of demagnetization between Gd and Tb to a limited efficiency of interatomic exchange coupling mediated by the 5d electrons.
II. EXPERIMENTAL RESULTS

A. Concentration dependence of ultrafast demagnetization
The magneto-optical Kerr effect (MOKE) has been used to investigate the concentration dependence of the ultrafast demagnetization of Gd 1−x Tb x thin films for a Tb content x of 0 x 0.7. Static and time-resolved MOKE measurements were performed at 790 nm wavelength in longitudinal configuration, i.e., with an external magnetic field oriented in the sample plane and parallel to the plane of incidence of the laser beam.
Epitaxial, 20 nm thick Gd 1−x Tb x films with (0001) orientation were prepared in ultrahigh vacuum at a base pressure <10 −10 mbar by coevaporation from electron beam-heated Gd and Tb sources on W(110) at room temperature. After deposition, the samples were annealed at 700 K for 10 min to get smooth epitaxial films. The static magnetic properties of our samples were analyzed by hysteresis loops at base temperatures of 220 K or higher, as at these temperatures the sample's magnetization could be reversed with the magnetic field of a maximum 0.05 T available in the experimental chamber [compare Fig. 2(a) ]. In Fig. 2 (b) the change in magnetization with temperature, as measured by the Kerr rotation, is displayed. The Curie temperature T C was estimated from the point where the normalized magnetization M/M 0 is about to vanish. As can be seen in the inset of Fig. 2(b) , the resulting values of T C of the GdTb alloys decrease linearly with increasing Tb content from 293 K for pure Gd to 250 K for Gd 0.3 Tb 0.7 , in accordance with literature [23] . The existence of a well-defined T C demonstrates that our samples are homogeneous ferromagnetic alloys. Furthermore, the change in the shape of the hysteresis loops, going from rectangular for pure Gd to more hard axis like for high Tb content, see Fig. 2(a) , originates from the in-plane magnetic anisotropy introduced by Tb: The W(110) substrate was oriented in such a way that the easy axis of the rare earth film was set perpendicular to the optical plane. This means that in the longitudinal geometry used here the external magnetic field is applied along the hard axis. For pure Gd with no in-plane magnetic anisotropy the axes parallel and perpendicular to the optical plane are equivalent and the sample surface is thus an easy plane. With increasing x, the anisotropy of Gd 1−x Tb x grows, changing the shape of the hysteresis loops. The hysteresis loops in Fig. 2 (a) also show an increased coercivity for alloys with higher Tb content up to x = 0.5. This effect is consistent with the higher magnetocrystalline anisotropy of Tb, caused by the stronger spin-lattice coupling of its 4f magnetic moments compared to Gd [26] . These static measurements indicate a stronger effective spin-lattice coupling of Gd 1−x Tb x with increasing Tb content. Next, we investigate how the concentrationdependent modification of the spin-lattice coupling affects the magnetization dynamics of the GdTb alloys.
Femtosecond time-resolved pump-probe experiments were performed using a cavity-dumped Ti:sapphire oscillator with a central wavelength of 790 nm, generating 35 fs pulses at a repetition rate of 1.52 MHz. For both the pump and probe beams the fundamental wavelength was employed, with a pump-probe intensity ratio of 4:1. Pump and probe beams impinge on the sample almost collinearly, at an angle of about 45
• with respect to the sample normal. All time-resolved MOKE measurements shown in the following were performed at an absorbed pump laser fluence of 1 mJ/cm 2 . The base temperature was set to 220 K, which was required to ensure magnetization reversal of the epitaxial film with its high magnetic anisotropy energy due to the Tb constituent [27] . The Kerr rotation was determined by polarization analysis of the reflected probe beam via a Wollaston prism and a balanced diode scheme. To obtain the MOKE signal, the external magnetic field of 0.04 T was reversed at each point in the pump-probe delay scan, thus reversing the sample's magnetization. The difference between the signals for opposite magnetization directions measured in closed and open phase of the chopper placed in the pump beam, gives the Kerr rotation of the probe beam polarization θ 0 and θ before and after excitation, respectively, which is proportional to the transient magnetization. To exclude errors in the detector calibration, we use the normalized quantity θ/θ 0 = θ/θ 0 − 1 to characterize relative pump-induced variations of the magnetization.
The results of our time-resolved MOKE analysis for different compositions of Gd 1−x Tb x are displayed in Fig. 3(a) . For all compositions, the transient Kerr rotation shows an ultrafast drop of the magnetization within the first few picoseconds after laser excitation, followed by a second, slower magnetization reduction before the magnetization recovers back to its initial value on the time scale of a few hundred picoseconds. Thus, demagnetization of GdTb alloys occurs on two distinct time scales as observed in thin polycrystalline Gd and Tb films [19] and epitaxially grown Gd on W(110) [28] . The demagnetization curves of Gd 1−x Tb x change strongly with increasing Tb content. The change of magnetization, proportional to θ/θ 0 , reached after about 200 ps, i.e., after equilibration of the spin system and the lattice, is getting larger with x. This can be explained in terms of the static temperature-dependent behavior of the magnetization, which is reasonable at this delay: Since T C of Gd 1−x Tb x is reduced with increasing x [compare Fig. 2(b) ], bringing the same amount of energy into the ferromagnetic layer by pumping with the same laser fluence and starting at the same base temperature, will, after thermal equilibration, lead to heating increasingly closer to T C , and thus a stronger demagnetization. Afterwards, recovery of the magnetization back to its value before laser excitation occurs on the time scale of heat dissipation out of the ferromagnetic film into the substrate. More importantly, the maximum amount of demagnetization is reached faster for alloys with a higher Tb content, meaning that the second magnetization drop is accelerated with increasing Tb content.
In order to quantify this dynamics, we determine the corresponding time constants of demagnetization by fitting the time-dependent MOKE data from Fig. 3(a) with a double exponential decay of the form
where the indices 1 and 2 refer to the first and second step in the demagnetization, respectively,
is the amplitude, τ is the time constant, and S(t) is a step function at time zero. C 0 is introduced to describe a steplike change in the Kerr rotation during the first 150 fs observed previously [29] . In the present article we focus on the subsequent reduction of the magnetization. The resulting time constant τ 2 for the second magnetization decrease shows a strong change when The resulting rate of the quasiequilibrium process γ = 1/τ 2 , with τ 2 being the time constant of the second step of demagnetization as derived from double exponential fits to the time-resolved MOKE data [plotted as black lines in (a)], shows an increase towards larger Tb concentration. This behavior is well described by a linear fit to the data (solid line). γ for pure Tb is taken from [19] . Inset: In the time constant τ 1 of the first step of demagnetization, no clear trend with increasing Tb concentration can be observed.
going from pure Gd to Gd 0.85 Tb 0.15 , from 33 to 20 ps, which indicates that the spin-lattice coupling of Tb dominates the magnetization dynamics in the alloys on longer time scales already for a rather low Tb content. Moreover, we see a continuous decrease in the time constant for the second demagnetization step when the Tb content is increased further. The rate of this quasiequilibrium process γ = 1/τ 2 [see Fig. 3(b) ] can be fitted with a linear dependence, including the value previously found for pure Tb and linked to its strong, direct 4f -lattice coupling [19] . We can thus attribute the accelerated demagnetization to an increased effective spin-lattice coupling in GdTb with increasing Tb content.
The time constants τ 1 of the first magnetization drop vary between 1.2 and 1.8 ps, as shown in the inset of Fig. 3(b) . These time constants are larger than the time constant of about 750 fs observed previously on pure, epitaxially grown Gd [28] at a base temperature of 50 K. This difference in the time constants is due to the different base temperatures in [28] and the measurement presented here. A similar increase from about 800 fs to 1.2 ps when raising the temperature from 80 to 220 K has previously been observed on pure Gd and attributed to an increased contribution of phonon-mediated spin-flip scattering processes to ultrafast demagnetization when going above the Debye temperature [29] . Coming back to the concentration dependence in Gd 1−x Tb x , τ 1 does not show any particular trend when the alloy composition is varied, in striking contrast to τ 2 . The fact that τ 2 exhibits a clear dependence on the spin-lattice coupling strength represents the main result of our concentration dependent time-resolved MOKE measurements.
The question remains whether only Tb in Gd 1−x Tb x contributes to the accelerated demagnetization for higher Tb content. The Gd and Tb 4f moments are coupled through the interatomic exchange mediated by 5d electrons and 4f -5d intra-atomic coupling [see Fig. 1(b) and Sec. I]. It can thus be expected that also the Gd 4f moments in a GdTb alloy show an enhanced coupling to the lattice which is then mediated by the interatomic exchange coupling to neighboring Tb atoms. Element-sensitive XMCD measurements were therefore employed in order to disentangle the individual contributions of the Gd and Tb 4f magnetic moments in the alloy, which will be described in the next section.
B. Element-resolved ultrafast magnetization dynamics
X-ray magnetic circular dichroism (XMCD) is the difference of absorption of circularly polarized x rays in a ferroor ferrimagnetic sample for parallel and antiparallel alignment of the sample's magnetization with respect to the x-ray propagation direction [30] . Since XMCD involves an electronic transition from a core level to the unoccupied 4f ↓ states in Gd and Tb [compare Fig. 1(a) ], it is an element-specific probe, which allows us to look at the elemental constituents of GdTb separately. With XMCD at the M 5,4 edges, we directly probe the localized 4f magnetic moments of Gd and Tb in the alloy and complement the magneto-optical analysis above. Static and time-resolved XMCD measurements were performed at the BESSY II storage ring operated by Helmholtz Zentrum Berlin für Materialien und Energie GmbH, Berlin, Germany.
For XMCD measurements in transmission geometry, 10 nm thick polycrystalline Gd 0.6 Tb 0.4 samples were prepared by co-evaporation from Gd and Tb sources on 500 nm thick freestanding Al foils under UHV conditions at a base pressure <10 −10 mbar and at room temperature [31] . Y buffer and cap layers of 50 and 5 nm thickness, respectively, were employed to protect the rare earth film against degradation. The Gd and Tb 4f magnetic moments in the alloy show ferromagnetic alignment, as can be seen from the negative (positive) XMCD at both M 5 (M 4 ) absorption edges in the static XMCD spectra in Fig. 4 . The base temperature for the XMCD analysis was set to 82 K, well below the Curie temperature of about 270 K for this alloy composition, see Fig. 2(b) and [23] . Furthermore, Gd and Tb exhibit identical hystereses in the alloy; an external The absorption spectra are normalized to the continuum step after the Tb M edges. The lower panel shows the XMCD, which is proportional to A − -A + , with the proportionality factor [32] given by the angle of 35
• to the surface normal under which H is applied and the x-ray polarization degree of 90%. The shaded areas mark the photon energies where the time-resolved XMCD measurements were performed. The inset depicts element-resolved hysteresis loops of Gd and Tb, taken at the respective M 5 edges. magnetic field of ±0.5 T applied along the x-ray propagation direction is sufficient to saturate the sample's magnetization, as can be seen in the inset of Fig. 4 . Since the magnetization of the Gd 0.6 Tb 0.4 sample is oriented preferentially in plane [33] , and XMCD measures the projection of the 4f magnetic moments along the x-ray propagation direction, the angle between the sample normal and the x-ray propagation direction was set to 35
• for all static and time-resolved XMCD measurements. For the time-and element-resolved measurements of the magnetization dynamics, the x-ray energy was fixed to the value for the maximum dichroic signal at the M 5 edge of Gd at 1186 eV, or respectively to 1241 eV for Tb. At each step in the pump-probe delay, the XMCD signal was obtained by reversing the external magnetic field applied to the sample. Circularly polarized, 100 fs short x-ray probe pulses were provided by the BESSY II Femtoslicing source [34, 35] . In the Femtoslicing process, an intense femtosecond laser pulse modulates the energy of a part of an electron bunch circulating in the storage ring, allowing this ultrashort "slice" of electrons to be split off from the main bunch and radiate a correspondingly short x-ray pulse in a subsequent insertion device. At the BESSY II source, x rays are generated at a repetition rate of 6 kHz, provided by a first Ti:sapphire amplifier, while the pump pulses are generated from a second amplifier running at 3 kHz, seeded by the same Ti:sapphire oscillator. In the pump-probe measurements we thus alternate between pump-probe and probe only, leading to a high sensitivity towards pump-induced dynamics. For exciting the sample, 50 fs laser pulses with 780 nm wavelength and an incident fluence of 3.4 mJ/cm 2 were used. Due to the jitter-free synchronization of the laser 4 . The temporal evolution of the XMCD signal, which corresponds to the transient, element-resolved 4f magnetic moment μ, normalized to its value μ 0 before laser excitation, is shown for a pump-probe delay of up to 50 ps. XMCD acquired with 10 ps long x-ray pulses is displayed in the inset. All XMCD measurements were performed at base temperature 82 K and in an external magnetic field of ±0.5 T.
pump pulses and x-ray probe pulses, which are generated from the same source, i.e., Ti:sapphire oscillator, this setup results in a total time resolution of 130 fs for the time-resolved XMCD measurements [35] .
As can be seen in Fig. 5 , a reduction of both the Gd and Tb 4f magnetic moments in the alloy is observed after laser excitation. The main figure shows data with 130 fs time resolution. For the inset, longer x-ray pulses with a duration of 10 ps full width at half maximum, which are provided in the low-α mode of the BESSY II storage ring [36] , were employed. This dataset shows that the recovery of the magnetic moments of both constituents on a time scale of several hundred picoseconds proceeds simultaneously. The initial drop in the magnetic moments is broadened in time here due to the x-ray pulse duration of 10 ps [36] and potentially some additional electronic jitter between pump and probe which does not occur in Femtoslicing mode. The dataset with 130 fs time resolution reveals that the demagnetization happens in two steps, with the first, subpicosecond step comprising about half of the total magnitude of demagnetization. This initial drop results in a relative change of the magnetic moment μ/μ 0 of Gd and Tb, respectively, to about 0.7, where μ 0 represents the equilibrium value of the magnetic moment before optical excitation. Subsequently, the magnetic moment of Tb is reduced to about 0.4μ 0 during the next 20 ps, before recovery sets in at a longer time scale. The dynamic behavior of Gd in the alloy follows that of Tb. Interestingly, the magnitude of demagnetization is slightly lower than for Tb. In order to analyze these experimental results in a more quantitative manner, the demagnetization curves were fitted with a double exponential decay of the form where S(t) refers to a step function at time zero, μ 0 is the initial XMCD value at negative pump-probe delay, i.e., the magnetic moment under equilibrium conditions, and τ i and μ i , i = 1,2 are the time constant and amplitude of the first femtosecond and second picosecond exponential decay, respectively. In order to facilitate a comparison, we list the time constants τ 1 and τ 2 for pure Gd, Tb, and Gd 0.6 Tb 0.4 as known from literature and this study in Table I . For the first step of demagnetization, the double exponential fit results in characteristic time constants of 0.89 ± 0.29 ps for Gd and 1.03 ± 0.25 ps for Tb in Gd 0.6 Tb 0.4 . These time constants agree within error bars with those found in pure Gd and Tb [19] (compare Table I ). The time constants for Gd 0.6 Tb 0.4 measured with XMCD are both shorter than the element-averaged one derived from our MOKE measurements for the same alloy composition, which is 1.8 ± 0.2 ps. This deviation is due to the different equilibrium temperatures for MOKE and XMCD measurements of 220 and 82 K discussed in [29] and above.
Regarding the second step of demagnetization, a common time constant of 5.3 ± 2.3 ps for Gd and Tb is obtained. The second step in the demagnetization of Gd 0.6 Tb 0.4 thus occurs with a time constant that is slightly smaller [37] but comparable to that of pure Tb (8 ± 3 ps, compare Table I and [19] ). Therefore, the demagnetization of Gd in GdTb alloy is clearly faster than that of pure Gd, which shows a time constant of 40 ± 10 ps [19] (see also Table I ). Consequently, the accelerated demagnetization of Gd in Gd 60 Tb 40 confirms an enhanced coupling of the Gd 4f magnetic moments to the lattice via 5d electron mediated interatomic exchange coupling to the neighboring Tb atoms, which represents the main result of our time-and element-resolved XMCD measurements.
The origin of the difference in the relative magnitude of demagnetization for Gd and Tb in Gd 0.6 Tb 0.4 between 5 and 40 ps, see Fig. 5 , remains to be discussed [38] . As will be discussed below, this difference is a consequence of the different spin-lattice coupling of Gd and Tb, cf. Fig. 1(b) . It furthermore leads to an estimation of the characteristic time scale of the interatomic exchange coupling mediated by the 5d electrons and the respective magnetic moment transfer rate. The scheme of angular momentum transfer indicated in Fig. 1(b) already suggests that in a quasiequilibrium process the demagnetization of the Tb 4f shell must be stronger than that of the Gd 4f shell to provide a significant flow of angular momentum from Gd 4f to Tb 4f through the 5d electrons. In this light, the observed smaller demagnetization of the Gd 4f shell appears to be reasonable. In the following we describe the angular momentum transfer processes during the second step of demagnetization in Gd 1−x Tb x with a simple rate model in order to account for our observations from the concentration-dependent and element-resolved experiments.
III. DISCUSSION
A. The characteristic time scale of the RKKY exchange interaction
In order to further narrow down the microscopic mechanisms behind the second demagnetization step observed in Gd 1−x Tb x , we estimate the amount of angular momentum transferred between the localized 4f magnetic moments, the 5d electrons, and the collective excitations of the lattice [39] , as shown schematically in Fig. 1(b) . Here we expand on a similar estimate performed in our previous study on pure Gd and Tb [19] by now taking concentration dependent changes in Gd 1−x Tb x , as well as angular momentum transfer between the Gd and Tb magnetic moments into account.
We first look at the element-averaged angular momentum transfer rate γ from the Gd and Tb magnetic moments to the lattice, which changes with the Tb concentration x, as seen in our time-resolved MOKE measurements [compare Fig. 3(b) ]. In a quasiequilibrium demagnetization process, which is taking place on the second, slower demagnetization step observed here in Gd 1−x Tb x , the change in magnetization with time is given at the beginning of this quasiequilibrium process by dm/dt | t≈0 = −γ · m. Here m represents the relative change of magnetization within the second demagnetization step in units of the saturated moment μ S = xμ It is determined by the extent of demagnetization achieved during the first, nonequilibrium step, before the quasiequilibrium demagnetization sets in, and the final magnetic moment reached at the end of the process. We suppose for simplicity that the transient temperature stays constant, i.e., without heat dissipation out of the laser-excited sample volume. Moreover, m is assumed to depend on the sample composition due to the x-dependent T C , and on experimental conditions like sample temperature, absorbed energy, and cooling conditions. Here m ranges between 0.2 and 0.3, as obtained from double exponential fits to our MOKE data according to Eq. (1) . Similar values were obtained in earlier experiments [19] . We will thus use m = 0.25 for estimations below.
We base our estimate on a linear approximation of the concentration dependent trend in the rate of the quasiequilibrium demagnetization process γ (x) = a + bx with a = 0.033 ps
and b = 0.097 ps −1 , where a and b were obtained from the linear fit of γ (x), see Fig. 3(b) . We link this linear dependence to the different pathways for angular momentum transfer to the lattice by assuming γ (x) = γ i + γ d xα(x), where γ d and γ i are the rates of direct angular momentum transfer from the 4f shell to the lattice occurring on Tb ions, and indirect transfer through 5d electrons on both Tb and Gd ions, respectively [19] . The latter is supposed identical for both types of ions owing to the similarity of ion masses and the shared 5d electron band of Gd and Tb, so that this contribution does not depend on the Tb content x. Since the factor α(x) = μ 0 Tb /μ S (x) is close to unity, giving only a small correction to the linear dependence of γ on x, we neglect it in the following. We thus end up with γ i ≈ 0.03 ps Tb m ≈ 0.3 μ B /ps, respectively, which is in good agreement with our previous study [19] .
So far we only considered the angular momentum transfer from the Gd and Tb ions to the lattice while implicitly assuming that both ions exhibit identical dynamics during the quasiequilibrium demagnetization, which is motivated by the results of our MOKE experiments sensitive to the element-averaged magnetization of the GdTb alloys. The angular momentum transfer to the lattice in the alloy is in this case characterized by the average transfer rate σ GdTb = xσ Tb + (1 − x)σ Gd , which is found to be ≈0. 
RKKY , where σ RKKY is the angular momentum transfer rate via 5d electron mediated interatomic exchange coupling between neighboring Gd and Tb ions. We suppose Gd and Tb in Gd 1−x Tb x to be identical in the considered interatomic coupling mechanism, as they share the 5d band. Combining the above expressions, we obtain σ
ps. This means that while assuming identical dynamics of the Gd and Tb magnetic moments, the value of the interatomic angular momentum transfer rate σ RKKY is about 0.02 μ B /ps under the present experimental conditions. On the other hand, in the quasiequilibrium time window, the dynamics of the Gd and Tb ions cannot be absolutely identical: A difference in the relative change in magnetization of Gd and Tb will trigger a nonzero flux of angular momentum from one sublattice to another in order to obtain thermal equilibrium. In the picture discussed here, this difference originates from the stronger coupling of the Tb 4f magnetic moments to the lattice, so that the magnetization of the Tb sublattice is reduced faster than that of Gd. The value of this difference is as larger as stronger the coupling of Tb ions to the lattice, and as smaller as larger the maximum possible interatomic transfer rate σ Table I ). However, in Fig. 5 one can also realize the difference μ/μ 0 in the normalized XMCD, which corresponds to a relative change of the magnetic moment, of Gd and Tb in Gd 0.6 Tb 0.4 . At 5-20 ps the demagnetization of Gd is smaller than that of Tb, and the difference increases up to μ/μ 0 ≈ 0.1 at 20 ps. Subsequently, the transient difference starts to reduce and vanishes at about 40 ps (see also Fig. 5, inset) , while the Tb magnetic moment is nearly constant within this interval. Consequently, the characteristic time of the process behind this transient difference can be estimated to be in the range of 5-10 ps. The magnetic moment to be transferred between neighboring Gd and Tb ions through 5d electron mediated interatomic exchange coupling, in order to level off their relative magnetic moments, is We conclude that the angular momentum transfer via interatomic exchange interaction mediated by 5d electrons explains the difference in Tb and Gd magnetic moments for 5-40 ps observed in Fig. 5 . While an additional channel for the transfer of angular momentum from Gd to the lattice is opened via the neighboring Tb atoms, the interatomic exchange interaction acts as a bottleneck for the magnetic moment transfer between Gd and Tb and limits the loss of magnetic moment of the Gd ions to the observed value.
B. The mechanism of the demagnetization process
In finding that the first, subpicosecond time scale of demagnetization does not show a signature of a dependence on the strength of coupling of the 4f magnetic moments to the lattice, whereas the second demagnetization time constant clearly does, we confirm our earlier observations regarding the two-step demagnetization of rare earths [19] . Demagnetization on the subpicosecond, nonequilibrium time scale is initiated by the 5d electrons, but the behavior on longer time scales is dominated by the strength of direct 4f -lattice coupling and therefore strongly depends on the orbital anisotropy of the 4f shell, which defines the efficiency of angular momentum transfer to the lattice.
Regarding the initial subpicosecond demagnetization, laser-induced changes of the population of the exchange-split 5d band and a reduction of the exchange splitting on a similar time scale of 0.86 ± 0.10 ps have been found recently in photoemission experiments [21] (compare Table I ). This is another indication that the initial demagnetization is launched by the 5d electrons. Since Gd and Tb in Gd 1−x Tb x have a shared 5d band, a first step in the demagnetization initiated by the optically excited 5d electrons also explains why no dependence of τ 1 on the alloy composition was found.
Furthermore, the time constant of 33 ps reported here for the second demagnetization step of pure Gd is on the same order as the spin-lattice relaxation time observed [4, 40] and described theoretically [41] earlier, see Table I . Consequently, a description of the ultrafast demagnetization process by equilibrium properties, in particular the Curie temperature T C , should take the excited state into account on time scales shorter than this spin-lattice relaxation time, as thermal equilibration between the lattice and spin systems has not taken place yet.
This brings us to the question, which theoretical models potentially represent an adequate description of ultrafast magnetization dynamics in rare earths and their alloys? The microscopic three-temperature model (M3TM) [6] proposes electron-phonon spin-flip scattering of the Elliott-Yafet type as the origin of ultrafast demagnetization. It explicitly treats the case of Gd. However, the two steps observed during demagnetization are explained by the same process, namely spin flips, which occur with a certain probability at each electron-phonon scattering event [6] . In the framework of the M3TM, a two-step demagnetization is said to occur when coupling between the spin and orbital degrees of freedom is weak [42] . This is supposed to be the case for rare earths Gd and Tb, in contrast to 3d ferromagnets [42] . However, the very similar spin-orbit coupling constants of Gd and Tb are larger than those of the 3d ferromagnets [43] . This leaves differences in L as a possible cause for weak spinlattice coupling via the spin-orbit interaction. As discussed throughout this article, spin-lattice coupling is certainly weak for Gd with an orbital moment L = 0. In contrast, Tb with L = 3 and the corresponding anisotropic 4f orbital configuration shows strong spin-lattice coupling, leading to increasing effective spin-lattice coupling with increasing x in Gd 1−x Tb x , as demonstrated by our analysis of the static magnetic properties above. And yet, Gd 1−x Tb x shows a two-step demagnetization. Therefore, our conclusion that two different microscopic processes at the localized moment are responsible for the two steps in the ultrafast demagnetization of rare earths and their alloys suggests amendments to the M3TM [6] taking direct spin-lattice coupling of localized 4f magnetic moments into account. Magnetization dynamics in materials consisting of several sublattices or constituents has furthermore been described phenomenologically by atomistic modeling [44, 45] , which however neglects direct spin-lattice coupling and can therefore also not be applied to Tb and its alloys [17] . Consequently, theoretical descriptions of the initial subpicosecond demagnetization [6, 9, 11] are to be extended to also include spin-lattice coupling and spin-orbit interaction.
IV. CONCLUSION
We have shown that combined time-resolved MOKE and XMCD measurements give information on the interactions mediating the ultrafast demagnetization process in Gd 1−x Tb x rare earth alloys. Concentration-dependent MOKE measurements revealed a two step demagnetization, with the time constant of the first step being independent of x, while the second reduction in magnetization was accelerated with increasing Tb content, in accordance with an increasing coupling of the 4f magnetic moments to the lattice via the anisotropic 4f orbital configuration of Tb. From element-sensitive XMCD measurements we see that the second demagnetization step occurs for Gd in Gd 0.6 Tb 0.4 on the same time scale as for Tb, indicating an enhanced coupling of the Gd 4f moments to the lattice via indirect interatomic exchange (RKKY) coupling to the Tb 4f moments. A transient difference in the amount of demagnetization between Gd and Tb in Gd 0.6 Tb 0.4 is attributed to a limited efficiency of this interatomic exchange coupling. We thus conclude that two different microscopic processes are responsible for the two-step demagnetization typical for rare earths Gd, Tb, and their alloys. The first, subpicosecond demagnetization is explained by the direct excitation of the 5d valence electrons by the pump laser, while we confirm spin-lattice coupling of the localized 4f magnetic moments as the driving force behind demagnetization on time scales of several picoseconds or longer.
